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A B S T R A C T
A three-dimensional (3-D) ﬁnite-diﬀerence-time-domain (FDTD) analysis was used to simulate a silicon photonic
waveguide. We have calculated power and transmission of the graphene used as single or multilayers to study
the light transmission behavior. A new technique has been developed to deﬁne the straight silicon waveguide
integrated with grate graphene layer. The waveguide has a variable grate spacing to be ﬁlled by the graphene
layer. The number of graphene atomic layers varies between 100 and 1000 (or 380 nm and 3800 nm), the
transmitted power obtained varies as∼30% and∼80%. The∼99%, blocking of the light was occurred in
10,000 (or 38,000 nm) atomic layers of the graphene grate.
Introduction
Applications for photonic integrated circuits from ﬁber-optic com-
munication to biomedical sensing and photonic computing are possible
[1–5]. Graphene is a two-dimensional material with a honeycomb
structure and has unique physical, mechanical, and electrical properties
[6,7]. For photonics applications, graphene is highly desirable due to
signiﬁcant optical and electrical properties, where it has been utilized
in compatible material systems [8–11]. Graphene has been used in
optical systems due to owing ultra-wideband absorption, easily ad-
justable inter-band transitions, having high carrier mobility and
showing highly stable nonlinear absorption [12–18]. High-quality
graphene can be produced at wafer scales and transferred to the het-
erogeneous substrates, where it can be patterned into the planar wa-
veguide devices for the optoelectronic semiconductor applications
[7,19–22]. Combinations of graphene and silicon in compatible pho-
tonics system are highly desired for the high speed-low power in-
tegrated photonics systems with complementary metal oxide semi-
conductor (CMOS) circuits [23,24]. Several semiconductor devices and
also graphene-based devices have been demonstrated recently, in-
cluding polarization controllers [25], ultra-fast pulsed lasers [26], re-
sonators [27–29] and optical ﬁlters [30].
The investigation of optical properties of graphene has been per-
formed using free-space optics with normal incident conﬁgurations in
many research works such as in the reference [31]. Graphene is a two-
dimensional material and it is considered as foundational material for
the optoelectronic devices and CMOS integrated systems [10,32]. For
the application of electro-absorption modulation, saturable absorption
and also the polarization conversion, long interaction length of gra-
phene is essential. This can be provided by integrating graphene with
planner waveguides or optical ﬁbers. In this case, the interaction length
of the graphene can be limited by the length of the device itself. In
hybrid graphene-waveguide structures, graphene can aﬀect the eva-
nescent ﬁeld of guided optical modes and reduce the absorption length
of the waveguide device compared to the systems without graphene
integration. The absorption within the device will vary depending on
the numbers of the integrated graphene layers. Li et al. have transferred
a single layer graphene onto a photonics substrate using the technique
presented in reference [20]. A single layer graphene was grown on a
copper foil by using the chemical vapor deposition (CVD). Wang J et al.
[33], have presented the graphene-on-silicon slot waveguide structure,
where absorption analysis is performed in TE and TM modes for both
silicon waveguide and the graphene layer which has a ﬁxed thickness of
0.7 nm. In this study, the thickness of the monolayer graphene was
ﬁxed, where the photodetection application has been developed based
on improved responsivity. In reference [34] the author presented a
graphene-on-silicon (GoS) suspended vertical slot waveguide, in which
they have performed both refractive index and phase shifting by
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modifying the Fermi level of the ﬁxed graphene layer. By applying the
voltage 1.5 to 3 V based on an electro-optic modulator, the Fermi level
of the graphene layer could be changed from 0.4 to 2 eV. This change
performed due to the strong interaction of propagating light with the
graphene layer. Diﬀerent waveguide structures such as Mach–Zehnder
interferometer (MZI) and microring modulators were designed. In [35]
a similar study is presented based on a plasmonic application, where
the slot waveguide’s width varies within the rib/slot waveguide design.
The Fermi level of the graphene sheet deposited on top of the wave-
guide was changed by the electro-optic eﬀect from 0 to 0.5 eV. There-
fore for the Fermi level of 0.3 eV and higher, the surface plasmon po-
lariton (SPP) is excited in the graphene sheet. The excited SPP ﬁeld
further is distributed within the adjustable slot and has caused optical
losses in the waveguide changes according to diﬀerent widths of the
slot. In this study the geometric tunability of the optical propagation
losses of the waveguide and transmission spectrum monitoring were
performed, where graphene sheet thickness was ﬁxed at 0.7 nm. In our
study, we have further investigated the optical transmissivity of the
silicon waveguide provided the graphene layer thickness varies be-
tween 0.38 and 3800 nm. In the hybrid graphene-waveguide devices,
the geometry and mode proﬁles can be engineered in such a way that
the electric ﬁeld propagation within the graphene can be controlled.
High absorption property of the graphene can be utilized to build up
new sensing devices based on graphene-waveguide conﬁgurations with
a small footprint and high eﬃciency, high speed, broadband photo-
detection and eﬃcient modulation [36].
The straight silicon waveguide is utilized, where the substrate ma-
terial is SiO2 with 4 µm thickness. On the top of SiO2, silicon channel as
a waveguide has 180 nm thickness and width of 475 nm. Changing the
thickness of graphene which is sandwiched between two straight wa-
veguides can inﬂuence the propagation of light. Graphene ﬁlm owing to
its weak interforce van der Waals interaction between the sheet
(monolayer) of carbon atoms which can contain one sheet, several
sheets or several thousand sheets within its structure. The optical and
electronic properties of multilayer graphene are sensitive to the number
of layers as well as the stacking sequence [9,37,38]. Considering a
graphene layer composed of one atomic layer (Fig. 1a) or multiple
atomic layers (Fig. 1b) allocates within two micro-scale sections of si-
licon waveguide as shown in Fig. 1.
By adding more monolayer of graphene, basically, it would tend to
block the propagation of light. Thus, a graphene’s grate with diﬀerent
length (or a number of a monolayer) plays a deterministic role to
control the conﬁned power within the structure of joint silicon wave-
guides with the graphene’s grate as an interface layer.
Arbitrary geometric complexity, such as the nonlinear least squares
and curves can be solved by FDTD method which is a multipurpose and
precise method for simulating light propagation in the scale of nano-
components [39–42]. 2.5D variational FDTD (varFDTD) method can be
used for planar geometries and it is a way to make the simulation
function that can provide high accuracy in comparison to 3D FDTD.
This method can make the computation times similar to 2D FDTD. The
varFDTD method is particularly suitable for the primary optimization
stage and oﬀers a very eﬃcient way to achieve an estimated optimal
state [43]. The updating equation for the H-ﬁeld along the z-direction
reads
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In Eq. (1), dx and dy are cell lengths along the x and y directions,
respectively. Using adjacent H-ﬁeld values, the E-ﬁeld can be updated
in a conventional manner provided the H-ﬁeld has been computed.
Following equation shows the derivation of the updated E-ﬁeld along
the x-direction.
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In Eq. (2), Δy and Δz are the step size along y and z directions. The
speciﬁcations of the mesh are not demanding, therefore, automatic
mesh generation procedure has been utilized in conjunction with the
presented algorithm [44]. In order to perform the characterization on
graphene layers and required calculations, the density functional theory
(DFT) has been utilized. To calculate the complex graphene refractive
index and dielectric constant, the Vienna Ab-initio simulation has been
utilized for both in-phase (xx) and cross-plane (zz) directions. At ﬁrst,
the charge density distributions were calculated to use in the dielectric
function calculations and electronic band structure. This calculation
provides RIG= 2.71+ 1.41i [45].
Result and discussions
Modeling results of the transmission behavior of the light propa-
gating within the silicon waveguide with cross-sectional dimensions of
475 nm width and of 180 nm thickness are discussed in this section. As
can be seen in Figs. 2(a)–7(a), the optical axis of silicon waveguide is in
the x-direction with a length of 10 μm. Fig. 2(a)–(c) show reference
ﬁgures and are emphasizing on the situation if the graphene grate is not
deﬁned within the waveguide structure. It must be noted that the white
dashed line in Figs. 2(a)–7(a) demonstrates the x coordinate location of
silicon waveguide’s aperture (i.e. the point (x =−4.8) where the light
beam as the source injects maximum power to the waveguide). Despite
of insigniﬁcant variation of the power over the wavelength range of 1.5
μm−1.6 μm (Fig. 2c), it can be seen from Fig. 2b, silicon waveguide
perfectly conﬁned 100% of the power over this range.
Now, we assume that a monolayer of graphene grate (red dash line
in Fig. 3a) with complex refractivity is used base on DFT method [46] as
an interface layer blocking the propagating waves along the optical
Fig. 1. (a) Schematic of silicon optical waveguides associate with a single atomic layer of Graphene, (b) multiple atomic layers of graphene.
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Fig. 2. (a) Top view of the optical power propagating in the silicon waveguide in the non-existence of graphene grate, (b) power proﬁle of silicon waveguide, (c)
power spectrum.
Fig. 3. (a) Top view of the optical power propagating in the silicon waveguide in the existence of mono-layer graphene grate 3.8 Å (or 0.38 nm), (b) power proﬁle, (c)
power spectrum.
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Fig. 4. (a) Top view of the optical power propagating in the silicon waveguide in the existence of multi-layer graphene grate 38 Å (or 3.8 nm), (b) Power proﬁle of
silicon waveguide after graphene layer, (c) power spectrum of the silicon waveguide.
Fig. 5. (a) Top view of the optical power propagating in the silicon waveguide in the existence of multi-layer graphene grate 380 Å (or 38 nm), (b) power proﬁle, (c)
power spectrum.
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Fig. 6. (a) Top view of the optical power propagating in the silicon waveguide in the existence of multi-layer graphene grate 3800 Å (or 380 nm), (b) power proﬁle,
(c) power spectrum.
Fig. 7. (a) Top view of the optical power propagating in the silicon waveguide in the existence of multi-layer graphene grate 38000 Å (or 3800 nm), (b) power proﬁle,
(c) power spectrum.
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axis. Within the context, the best transmissivity of graphene can be
obtained at the length of 3.8 Å (or 0.38 nm). Introducing one atomic
size layer of graphene as an interfacing layer between two sections of a
silicon waveguide would not have an impact on the power proﬁle and
the spectrum as shown in Fig. 3b and c.
Basically, the absorptivity of the graphene grate will increase with
the increase of atomic layers. In Fig. 4 the modeling investigates the
situation of light transmissivity in silicon waveguide under the condi-
tion of using graphene that is 10 times thicker 38 Å (or 3.8 nm). Re-
gardless of the structural variation of graphene grate, spectral results
shown in Fig. 4b and 4c still do not indicate a sensible change in power
and spectrum proﬁles compare with the situations studied in Figs. 2 and
3.
The graphene length of 100 times longer than monolayer graphene
aﬀords semi-blocking, property, either in optical power plot (Fig. 5a) or
spectral plots (Fig. 5b and c) of the proposed silicon waveguide in this
study. The transmissivity in this situation has reduced from 100% to
about 80% as can be observed in Fig. 5c which is expected with larger
number of Graphene monolayers. Now, our special emphasis is on
transmissivity at a longer length of graphene grate.
The input power is a wavelength band within the range of 1.5 to
1.6 µm, where the center wavelength has been selected to 1.57 µm.
Increasing the graphene thickness (38 nm and greater) will aﬀect the
power transmissions as the center wavelength will have a red shift to-
ward longer wavelengths. In Figs. 6 and 7 the peaks of the transmission
spectrum have shifted to longer wavelengths. Fig. 6 shows that the
minor portion (∼% 30 as to Fig. 6c) of the power can still transmit even
at 1000 atomic layers of graphene.
Fig. 7 illustrates that by further increasing the graphene thickness
equivalent to around 10,000 layers, 38000 Å (or 3800 nm), the light
beam is almost completely blocked allowing only less than 1% trans-
mission through the graphene grate into the silicon waveguide.
In summary, the transmissivity of light with the inﬂuence of gra-
phene layers is investigated. The graphene integrated into the silicon
waveguide has light blocking eﬀects which depend on the number of its
layers as the layers increase the transmission is reduced through the
waveguide length, where graphene with fewer layers allows a portion
of the light to pass through the length depending on the number of its
atomic layer.
Conclusion
This study addresses the transmissivity limitations posed by in-
troducing graphene layers with diﬀerent number atomic layers as an
interface layer between two sections of a silicon waveguide. Based on
the achievements, the highest transmissivity of the power (∼100%)
within the waveguide can be obtained if the number of atomic layers
being less than 100 (38 nm). Assuming the number of atomic layers
changes between 100 and 1000 atomic layers (or 380 nm and 3800),
the transmitted power varies in the range between∼80% and∼30%.
Light is blocked to∼99% of at 10,000 (or 38,000) atomic layers of the
graphene grate.
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